Introduction
At present, it is very important to use the aviation gravimetric system (AGS) for the exploration of minerals (geology, geophysics, geodesy), for the correction of inertial navigation systems (aerospace technology) for the location of moving objects in the water areas of seas and oceans, for the realizations of tasks in archaeology, prediction of earthquakes, etc. Gravimetric measurements are carried out at the surface of the Earth, in submarines, surface ships and aircrafts (AC). Measurements at AC make it possible to receive information about the acceleration of gravity (AG) in remote areas of the globe at velocity much larger than that on the surface.
Traditional air sea gravimetry differs by somewhat outdated technology and inadequate levels of accuracy. And it is characterized by low productivity, minuteness, efficiency, high material costs [1] . At the same time, solving the problem is possible through the use of an onboard miniature navigation complex based on microelectromechanical systems and technologies (MEMS) that combine microelectronic and micromechanical components [2, 3] .
At present there are no [1, 4] scientific-theoretical and practical papers that address research into the possibility and expediency of using dual-channel capacitive MEMS gravimeter as an AGS gravimeter. Therefore, it is advisable to explore gravimeters of this type, since they have significant advantages (cancellation of vertical acceleration, instrumental and other errors [5] [7] , which significantly complicates the work. Existing innovations deal with the sub-, surface- [8, 9] and terrestrial [10] measurement methods that are not applicable in the aviation gravimetry.
One of the most promising of the known gravimeters at present is a capacitive single-channel gravimeter. It is the primary sensing element of the designed automated AGS [11] . Parameters of the sensing element of CG are selected so that the frequency of its own oscillations equals the highest frequency of gravitational accelerations, which can be measured against the background perturbations. In other words, the sensing element of gravimeter performs the functions of low-pass filter as well. This eliminates the impact on CG initial indications of the errors whose frequency is higher than the frequency of the CG own oscillations, and it increases the accuracy of measuring the acceleration of gravity. However, the single-channel CG does not imply the elimination of errors caused by the influence of vertical acceleration and instumental errors.
Over the last 20 years, only quartz, strongly damped, gravimeters have been used as the aviation gravimeters, as well as string gravimeters, gyroscopic gravimeters [4] . No measurements have been performed with capacitive gravimeters measurement at all, probably because capacitive transducers only in recent years have been widely applied in various sectors of instrument making. Capacitive transducers, which laid the basis for the capacitive gravimeter, have significant advantages over other converters: high sensitivity and accuracy, small size and weight. The development of MEMS technologies has opened up new opportunities for faster, cheaper and technologically efficient fabrication of capacitive gravimeters that used to be inaccessible.
The accuracy of currently existing gravimeters is insufficient, only (1-5) mGal [4] . Most of them are non-automated. Measurement results' processing is conducted after the AC flight, it is ground-based and takes months to complete. In addition, these gravimeters measure, along with the acceleration of gravity, vertical acceleration of AC h, which is a complicated scientific and technical issue and requires the use of additional filters. There are no studies on the possibility and expediency of using, as the gravimeter, the dual-channel capacitive MEMS gravimeter, which is more accurate (0.5 mGal compared to 1 mGal) that the closest analogue [11] .
The purpose and objectives of the study
The purpose of this work is to substantiate the possibility of using the dual-channel capacitive MEMS gravimeter as an AGS gravimeter.
To achieve the formulated purpose, the following tasks were set:
-to simulate the impact of load on the suspension of a capacitive MEMS gravimeter;
-to explore the work of the new gravimeter in the most unfavorable resonance cases.
4.
Research into stability and the simulation of influence of perturbing action on a dual-channel capacitive MEMS gravimeter 4. 1. Design of dual-channel capacitive gravimeter A modification of the standard design (that comprises an immobile base connected to the body and a frame with the sensing element, fixed to the upper movable plate) is the oppositely-pin arrangement of electrodes of the plate ( Fig. 1) : the movable electrodes are placed on the inertial mass, which is attached to the crystal using elastic suspensions. The immovable electrodes are located to the right and to the left of the movable electrodes. Elastic suspensions can be straight and folded (Fig. 2) . The choice of geometry of the elastic suspension is largely determined by the constraints of topology and technological processes. In order to obtain high sensitivity and small dimensions of suspension, it is necessary to reduce its width, but reducing the width leads to the fact that the suspension characteristics are significantly affected by the reproducibility of the technological process [13] . Increasing the width of the suspension, in order to reduce sensitivity to the deviations in the technological process, leads to the need for increasing its length, which increases the size of the crystal. As a compromise solution, a folded suspension can be used (folded beam, serpentine beam [12] ).
For a more effective performance, the use of several capacitive transducers on one MEMS-plate is proposed [14, 15] . To ensure the dual-channel principle, symmetrically to one MEMS-plate, there is another MEMS-plate installed, completely identical to it, the signals of both are summed in the adder and transferred for further processing and amplification. The SE symmetry reduces dependence on temperature and sensitivity along the axis and improves linearity. The impermeability of transducer is provided for by the anode connection of plates with each other. This makes packaging of elements easier and allows using gas attenuation in the sensing element.
Gravimeter is made with two channels, each of which contains one capacitive element in CG1 and CG2. They are identical and are fabricated in the form of two metallic movable and immovable plates separated by a dielectric, and two identical inertial masses m 1 and m 2 , attached to two moving plates CG1 and CG2 (Fig. 3) . The outputs of capacitive elements CG1 and CG2 of both channels are connected to the input of the adder. The latter is connected to the input of the amplifier with additionally introduced protective ring whose output is connected through the digital module with the onboard computer (OC) input that computes the output signal of gravitational anomaly Δg. The connection of the adder, amplifier, digital module and OC in series is carried out using shielded coaxial cables to provide improved accuracy for measuring the anomalies in the acceleration of gravity.
The output electrical signals of capacitive elements of both channels enter the adder's input. The resulting useful analog signal will be proportional to the doubled signal of the acceleration of gravity and will enter the input of the amplifier with additionally introduced protective ring. Next, the amplified signal arrives at the input of the digital module where it will be converted into digital code and sent to the input of OC for subsequent calculation of gravitational anomaly Δg.
Fig. 3. Design of Dual-channel capacitive gravimeter
The calculation of coefficient of elasticity by using accurate analytical ratios is possible for simple forms of suspension. For the complex ones, approximate expressions are used. In particular, coefficient of elasticity of the folded suspension, shown in Fig. 4 , in the first approximation can be calculated using the following formula [12] :
where E is the modulus of elasticity of the suspension's material, I is the moment of inertia of the suspension cross section, t is the suspension thickness, w is the suspension width, N is the number of folds on the suspension, l is the length of a segment of the folded suspension. Fig. 4 . Suspension of complex shape [12] In order to obtain a more accurate value of coefficient of elasticity of the suspension with complex shape, in particular folded suspension, it is optimal to use finite-element modeling.
Thus, aviation gravimetric system provides a significant increase in the accuracy of measuring the anomalies in the acceleration of gravity. The AGS proposed has the following basic advantages over the known systems due to the use of DCG:
-through the use of two channels, such measurement errors are completely absent, which are caused by influence of the vertical acceleration and instrumental errors Δi;
-other errors are partially eliminated due to the use of horizontal stabilized platform (HSP); -when using frequency in 0.1 rad/s, residual errors will be filtered out.
Therefore, the accuracy of AGS with DCG exceeds all known analogues.
2. Study of stability of the system with MEMS DCG
When carrying out measurements, there is always a transition process, at which a signal at the output of the measurement tool significantly changes over time. This is due to the inertial properties of measurement tool, which cause the occurrence of a dynamic error [16] .
The examined system is nonlinear, similar to most systems in nature and technology.
In paper [17] , characteristic equation of the DCG system was obtained:
In a stable DCG system, at any real perturbation in it, adjustable magnitude in the transition process will not infinitely deviate from the set value. There are many criteria for stability, both analytical and graphic. The most common are the Nyquist criterion and the Hurwitz criterion. We shall estimate stability of the DCG system by these criteria.
The Hurwitz stability criterion: in order for the system of automated control to be stable, it is necessary and sufficient that all Hurwitz specifiers had signs identical to the sign of the senior factor of characteristic equation a n , that is, positive at а n-1 >0 [4] .
Thus, the necessary and sufficient condition of stability for a system of the second order is positivity of factors of characteristic equation. In our system, we observe the following: Thus, by the Hurwitz stability criterion, the DCG system is stable.
Transfer function of DCG by the AG channel for the output voltage [17] :
where K DCG (static coefficient of DCG transfer; T 1 and T 2 (factors that determine time constants of the second order object.
In order to examine DCG on stability by the Nyquist criterion, we shall use transfer function of DCG:
.
We substitute р=jω into equality (5) and obtain the DCG transfer frequency function: 
where ω Х( ), ω Y( ) are the real and imaginary parts of the DCG transfer frequency function, respectively.
Let us select from equality (6) the actual and imaginary part and find the intersection point of amplitude and phase characteristic (APC) of actual axis Х(ω): 
Based on the calculated data, we plot APC (Fig. 5 ) in the MatLab programming environment (Nyquist hodograph).
In order for the DCG system to be stable, it is necessary and sufficient that the Nyquist hodograph does not cover the point with coordinates (-1; j0). As we can see from Fig. 5 , the point is not covered; therefore, the DCG system is stable.
3. Software development for the simulation of DCG performance under the action of external perturbations
If we divide equation of the DCG motion [17] by m, then we receive:
where x is the factor of dampening; ω 0 is the DCG own frequency.
Considering that the real design of any gravimeter (including DCG) will have residual instrumental errors due to temperature influences, pressure changes of the environment and other factors, as well as residual errors from the effects of vertical acceleration, which can lead to the nonlinearity of equation of the DCG motion in our case, we shall rewrite equations (8) x N sin t,
where L=mw a , N=mw b are the vibration paprameters; w a , w b are the amplitudes of vibration accelerations. Assume that 
where М(t) and D(t) are the T-periodic functions. Equation of form (10) without changing the characteristics of indicators can be reduced to similar, where М(t)=const. Let
where Ψ = 2n;
)dt cos( t ).
After all mathematical transformations, the equations can be written down in the form:
Thus, we obtained equation (12) of the Mathieu-Hill type with regard to residual errors from the influences of instrumental errors and h, which is convenient for the simulation by PC [18] .
Software for the simulation of DCG performance under the action of external perturbations was developed taking into account (12) in the C# programming environment. C# (pronounced C-sharp) is an object-oriented programming language, developed under the aegis of Microsoft Research (Microsoft Corp.) [19] . (Fig. 6) , in which parameters for simulation are assigned and its results are displayed in the form of tables and graphs. In the process of developing a program, equation (12) 
Using the Runge-Kutta methods of the fourth order for the integration of a system of differential equations, we receive solutions for system (15):
. (X2 X3)]; 6
where coefficients X1, X2, X3, X4, Y1, Y2, Y3, Y4 can be defined as follows: In Table 1 we shall represent all parameters that appear in the calculations and the program interface.
After entering data into the appropriate fields of the program, for the calculation (or recalculation), it is necessary to click on the "Calculate" button -and the graphs will change. To receive numerical values of the extrema, it is necessary to click on the "Table of extrema" button. The program window will expand (Fig. 7) and there will appear the required table on the right side as well as a schematic representation of the DCG structure.
Results of the PC simulation of capacitive MEMS gravimeter

1. Simulation of the suspension of complex shape
In order to obtain a more accurate value of coefficient of elasticity of the suspension of complex shape, in particular folded suspension, it is optimal to use finite-element modeling. In this work, suspension simulation was conducted using the SolidWork software. We created a finite-element model of the suspension that describes the elastic element. A breakdown was achieved by the Solid element intended for solving elastic deformations tasks. The suspension model and the finite element grid are shown in Fig. 8 . In the area labeled by strokes, we set a limiting condition that prohibits any displacement (the fixed end), and at the other end of the suspension, the load was assigned.
Results of the calculation of deformation and suspension are shown in Fig. 9 . The magnitude of the impact equaled 10 µN, displacement of the end of the elastic element reached 0.5 µm. (12) of DCG on PC, we received graps of functional dependency x=f(t) for the case when the base which supports the examined DCG is exposed to the action of perturbing influences, for which w a =w b =1 m/s 2 along the Oy and Oz axes, respectively. We set the value of relative attenuation coefficient x: 0.15; 0.45; 0.705; 1. It was experimentally determined that at low damping x=0.15, the resonance is possible. In the case of increasing the damping, amplitude of the established oscillations is reduced (Fig. 10 and Table 2). 2. Let us analyze the DCG performance at ω=2ω 0 = =0.2 rad/s. We obtained dependences x=f(t) for values w a = =w b =1 m/s 2 and x=0.15; 0.45; 0.705; 1, which indicate that as a result of increased damping, the DCG oscillations are aligned and tend to the ideal established oscillations. With increasing x, amplitude of the established forced DCG oscillations decreases. Resonance does not occur even at low damping, for example, at x=0.15 (Table 2, Fig. 11 ).
As can be seen from the graphs in Fig. 11 , the DCG oscillations enter the established mode in t≤50 s, which is also quite satisfactory.
3. Let us analyze results for the ratio of frequencies ω=ω 0 /2=0.05 rad/s. We received dependence x=f(t) for w a =w b =1 m/s 2 . Relative damping coefficient x composed: 0.15; 0.45; 0.705; 1. It was determined that even for very low damping x=0.15, there occurs the DCG resonance. In the case of increasing x, the device quickly enters the mode of established forced oscillations; the reduction in the amplitude of oscillations of the initial signal of the device is observed (Table 2, Fig. 12 ). 
Discussion of results of the simulation of performance and design of dual-channel capacitive gravimeter under the action of external perturbations
Based on the finite-element simulation data, we computed coefficient of elasticity of the suspension, equal to 16.7 N/m, which yields the total coefficient of elasticity, equal to 66.7 N/m for all four suspensions. As far as analytically calculated magnitude is concerned, then the error is 4 %. Coefficient of elasticity of the suspension allows us to calculate such important characteristics of a MEMS gravimeter as its own frequency, as well as absolute damping coefficient and relative damping factor [12] .
Let us analyze dependences x=f(t) for the three cases of the most unfavorable frequencies, similar to the previous paragraph, but at different values of amplitudes along the Oz and Oy axes:
1. Analysis of obtained dependences x=f(t) for ω=ω 0 = =0,1 rad/s at different values of amplitudes of perturbing impact along the Oz and Oy axes.
In the first case, the amplitude perturbations along both axes are equal to w a =w b =5 m/s 2 , x: 0.15; 0.45; 0.705; 1 revealed that in this case, the amplitude values of established forced DCG oscillations are five times larger than those in the previous case for respective x. Resonance is possible at low damping x=0.15, similar to the previous case ( Table 2) .
We defined dependences x=f(t) when amplitude perturbations along the Oz axis w a =5 m/s 2 , and along the Оу axis are 4 times larger than those in the previous case w b =20 m/s 2 (ω=ω 0 =0.1 rad/s). Such amplitude values of the established forced oscillations are slightly different from the previous corresponding oscillations x=f (t) . This confirms the conclusion that is drawn as a result of analysis of static errors in DCG that its performance is not affected by horizontal acceleration. The nature of the damping influence is the same as in the previous cases (Table 2) .
We obtained dependences x=f(t) when amplitude perturbation along the Oz axis is 4 times larger than in the second case, w a =20 m/s 2 , and along the Oy axis w b =5 m/s 2 , x: 0.15; 0.45; 0.705; 1, ω=ω 0 =0.1 rad/s. Amplitude values of the established forced oscillations in this case are about five times larger than those in the second case (Table 2) .
2. Analysis of obtained dependences x=f(t) for ω=2ω 0 = =0,2 rad/s at different values of amplitudes of perturbing impact along the Oz and Oy axes.
We received dependences x=f(t) when w a =w b =5 m/s 2 , ω=2ω 0 =0.2 rad/s for the same x. Even at low damping x=0.15, resonance is absent. In case of increasing x, the oscillations are aligned and approach the ideal established forced oscillations, the amplitudes of established forced oscillations are reduced, however, they are 5 times larger than the amplitudes that correspond to the previous case.
An analysis of dependences with parameters w a =5 m/s 2 , w b =20 m/s 2 , ω=2ω 0 =0.2 rad/s (4 times larger than in the previous case) demonstrates that even at small damping x=0.15, resonance does not occur, however, similar to the previous cases, there are oscillations that, while increasing x, are aligned and tend to the established oscillations. The amplitude values of the DCG forced oscillations are insignificantly different from the corresponding values for the previous case (Table 2 ).
An analysis of dependence x=f(t) for w a =20 m/s 2 (4 times larger than in the second case), w b =5 m/s 2 , ω=2ω 0 =0.2 rad/s, demonstrates that the amplitude values of the forced DSG oscillations are approximately three times larger than for the second at corresponding x. With increasing x, amplitude of the forced oscillations of the device decreases. Resonance does not occur even at low x, for example, x=0.15, however, there occur oscillations that are aligned and approach established values of the forced oscillations with increase in x, starting with x=0.45 (Table 2) .
3. Analysis of obtained dependences x=f(t) for ω=ω 0 /2= =0,05 rad/s at different values of amplitudes of perturbing impact along the Oz and Oy axes. Let us consider the case w a =w b =3 m/s 2 and the values of x similar to the previous variants. Here one can see ( Table 2 ) that at low damping x=0.15, resonance occurs, but with increase in x, the device rapidly enters the mode of established forced oscillations. The amplitudes of the established forced oscillations decrease, however, they are 3 times larger than the amplitudes corresponding to the previous points.
Let us analyze dependences x=f(t) at w a =3 m/s 2 , w b = =15 m/s 2 (5 times larger than those in the previous case). With increase in x, amplitudes of the forced oscillations of the DCG output decrease. Amplitude values of the forced oscillations of the devices are slightly different from the corresponding amplitude values for the previous case (Table 2) .
We obtained dependences x=f(t) for w a =15 m/s 2 , w b = =3 m/s 2 (ω=ω 0 /2=0.05 rad/s). Amplitude values of the forced DCG oscillations in this case are about three times larger than those in the second case. With an increase in relative attenuation coefficient x, amplitude of the forced DCG oscillations decreases (Table 2) . Table 2 demonstrates that the increase in amplitudes of horizontal acceleration does not affect the amplitude of the forced DCG oscillations, and with an increase in damping value x=0,705, the main resonance and all distortions of the signal disappear. Therefore, the new capacitive DCG might be used in the aviation gravimetry.
Conclusions
1. Using the Solid software package, we simulated the impact of load on a folded suspension. The magnitude of the impact equaled 10 μN, displacement of the end of the elastic element reached 0.5 μm. Based on these data, it is possible to refine the value of coefficient of elasticity of the folded suspension.
2. We received graphs of change in the initial signal for various values of frequency and amplitudes of perturbations. The graphs obtained demonstrate that:
-at frequency of perturbations ω=ω 0 =0.1 rad/s, the main resonance occurs, the most dangerous for DCG; -at frequencies ω=ω 0 /2=0.05 rad/s, the initial signal is distorted;
-at frequencies ω=2ω 0 =0.2 rad/s, the initial signal is not distorted;
-an increase in the amplitudes of horizontal acceleration does not affect the amplitude of the forced DCG oscillations.
Thus, when increasing damping value x=0,705, the main resonance and all distortions of the signal disappear.
Digital simulation of the influence of perturbations parameters on DCG, as well as its own parameters, confirmed an essential advantage of DCG over all known gravimeters -its high accuracy.
